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METHODS, SYSTEMS AND DEVICES FOR
AUTOMATICALLY FOCUSING A
MICROSCOPE ON A SUBSTRATE

CROSS-REFERENC.

L1l

This application claims the benefit of U.S. Provisional
Patent Application No. 62/117,858 filed Feb. 18, 2015,
which application 1s incorporated herein by reference 1n its
entirety.

INTRODUCTION

Automated i1maging of specimens using a miCcroscope
requires quickly and accurately determining an optimal focal
position for any of a plurality of diferent substrates. Fur-
thermore, an automated imaging system must be able to
reliably handle different specimen types, whose 1mage con-
tent may be variable across the substrate. In addition,
automated 1maging techniques need to be able to determine
whether a substrate 1s present in a microscope, and whether
the substrate 1s oriented correctly for imaging. The subject
systems and methods address these and other needs.

SUMMARY

Methods, systems and devices for automatically focusing
a microscope on a specimen and collecting a focused 1image
of the specimen are provided. Aspects of the methods
include detecting the presence of a substrate in a micro-
scope, determiming whether the substrate 1s 1 a correct
orientation for imaging, focusing the microscope on a speci-
men that 1s mounted on the substrate, and collecting one or
more i1mages of the specimen. Systems and devices for
carrying out the subject methods are also provided.

In some embodiments, a method for automatically focus-
Ing a microscope on a specimen mvolves placing a substrate
substantially perpendicular to an optical axis of the micro-
scope, wherein the substrate includes the specimen; direct-
ing a light beam from an optical source to reflect off the
specimen to generate a retlected light beam; varying a
distance between the substrate and an objective lens of the
microscope; collecting a plurality of measurements of one or
more characteristics of the reflected light beam with a
detector, wherein each of the plurality of measurements 1s
collected when the substrate 1s 1n a different position along
the optical axis of the microscope with respect to the
objective lens; determining which measurement has an
optimal focal value; moving the substrate and/or the objec-
tive lens to an 1itial focus position that corresponds to the
distance between the substrate and the objective lens from
which the measurement for the retlected light beam has the
optimal focal value; collecting a plurality of digital images
of the substrate by moving the substrate and/or the objective
lens along the optical axis above and/or below the mitial
focus position; analyzing at least a region of interest 1n each
image to determine a focus metric for each 1mage; deter-
miming which digital image has a best focus metric; and
moving the substrate and/or the objective lens to a final
focus position that corresponds to the position of the image
with the best focus metric to automatically focus the micro-
scope on the specimen.

In some embodiments, the optical source includes a laser.
In some embodiments, the optical source includes a light
emitting diode (LED). In some embodiments, the methods
involve shaping a light beam from the optical source to
create a collimated light beam. In some embodiments, the
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microscope includes two separate optical sources, a first
optical source used for autofocusing and a second, separate
optical source used for imaging. In some embodiments, the
methods 1involve spectrally shifting a light beam from the
first optical source with respect to a light beam from the
second optical source. In some embodiments, the first opti-
cal source 1s a laser or an LED having an emission wave-
length anywhere within a spectral range of 360 nm to 1,000
nm, and the second optical source 1s a white light source
having an emission wavelength anywhere within a spectral
range of 390 nm to 700 nm.

In some embodiments, the microscope includes at least
two separate detection channels, wherein a first detection
channel 1s used for autofocusing and a second, separate
detection channel 1s used for imaging, and wherein the
method involves separating a reflected light beam that 1s
used for autofocusing from the second detection channel that
1s used for imaging. In some embodiments, the microscope
includes a first detection channel that 1s used for autofocus-
ing and up to 8 diflerent imaging detection channels that are
used for collecting at least a portion of a light beam coming
from the specimen. In some embodiments, directing a light
beam from the first optical source to retlect off the specimen
to generate a retlected light beam involves introducing the
light beam through an exit pupil at the rear of the objective
lens to focus on the specimen, and collecting a retlected light
beam passing through the same objective lens at the rear of
an exit pupil. In some embodiments, directing a light beam
from the optical source to reflect off the specimen to
generate a retlected light beam involves reflecting the light
beam from a front surface of the specimen facing the
objective lens. In some embodiments, directing a light beam
from the optical source to retlect off the specimen to
generate a retlected light beam involves reflecting the light
beam from a bottom surface of the specimen facing an
opposite direction of the objective lens.

In some embodiments, the detection channel that 1s used
for autofocusing includes a photodiode. In some embodi-
ments, the detection channel that 1s used for i1maging
includes an 1mage sensor device or a CCD camera. In some
embodiments, the 1mage sensor device 1s a color 1mage
sensor device or a color CCD camera. In some embodi-
ments, a digital image of the specimen 1s a composite 1image
that 1s formed from red, green, and blue (RGB) light that 1s
collected by the color image sensor device or an RGB CCD
camera.

In some embodiments, the methods mvolve placing a
focusing lens at a rear side of the objective lens to focus the
reflected light beam on the detector. In some embodiments,
the methods mmvolve placing a spatial aperture 1 a focal
plane of a focusing lens 1n front of the detector to block an
out-of-focus light beam that is reflected from one or more
interfaces located above or below a focal plane of the
specimen. In some embodiments, the spatial aperture has a
variable diameter, and the methods involve varying the
diameter of the spatial aperture.

In some embodiments, determining which measurement
has the optimal focal value involves measuring an intensity
of the reflected light beam. In some embodiments, deter-
mining which digital image has the optimal focus metric
involves measuring an intensity in a red, green or blue
digital 1image on a pixel by pixel basis. In some embodi-
ments, determining which digital image has the best focus
metric involves measuring an intensity in a greyscale image
on a pixel by pixel basis. In some embodiments, determining
which 1image has the best focus metric involves calculating
a first derivative of an intensity of the digital image on a
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pixel by pixel basis. In some embodiments, determining
which image has the best focus metric involves calculating,
a second derivative of an intensity of the digital image on a
pixel by pixel basis. In some embodiments, determining
which 1image has the best focus metric mnvolves calculating,
a Fourier Transform of a digitized intensity image.

In some embodiments, the substrate includes a glass slide.
In some embodiments, the specimen includes a biological
sample. In some embodiments, at least a portion of the
specimen has a variable thickness. In some embodiments, at
least a portion of the specimen has an 1rregular surface. In
some embodiments, at least a portion of the specimen has a
variable reflectance value. In some embodiments, the speci-
men has a variable 1mage content across one or more
dimensions of the substrate.

In some embodiments, varying the distance between the
substrate and the objective lens involves moving the sub-
strate and/or objective lens at a variable rate. In some
embodiments, varying the distance between the substrate
and the objective lens involves moving the substrate and/or
the objective lens at a constant rate. In some embodiments,
collecting the plurality of images of the specimen from a
plurality of positions along the optical axis with respect to
the objective lens involves moving the substrate and/or the
objective lens 1n a plurality of steps, wherein each step 1s
equal to a depth of field of the microscope. In some
embodiments, the depth of field of the microscope ranges
from 0.15 um to 10 um.

In some embodiments, the methods mvolve determinming

a number of 1mages to collect for finding the best focus
position by dividing an uncertainty interval of the initial
focus position by the depth of field of the objective lens used
for imaging. In some embodiments, the number of images of
the specimen that are collected ranges from 3 to 10. In some
embodiments, an amount of time required to automatically
focus the microscope on a location on the substrate 1s 2
seconds or less.
In some embodiments, the methods 1nvolve directing a
light beam from an optical source toward a location where
a substrate should be found to generate a reflected light beam
if the substrate 1s present; measuring an intensity of the
reflected light beam with a detector; and determining
whether the intensity of the reflected light beam exceeds a
threshold value to determine whether the substrate 1s present
in the microscope.

In some embodiments, the methods involve placing a
substrate substantially perpendicular to an optical axis of the
microscope, wherein the substrate includes a planar surface;
directing a light beam from an optical source to sequentially
reflect ofl a first position and a second, different position on
the planar surface to generate two retlected light beams,
wherein the first position includes a non-reflective region
and the second position includes a reflective region; varying
a distance between the substrate and an objective lens of the
microscope; collecting a plurality of measurements of one or
more characteristics of the two reflected light beams with a
detector, wherein each of the plurality of measurements 1s
collected when the substrate 1s 1n a different position along
the optical axis of the microscope with respect to the
objective lens; determining whether the measurements of the
two reflected light beams differ from one another by an
amount that exceeds a threshold value; determiming that the
substrate 1s correctly oriented i the microscope 1f the
measurements of the two retlected light beams differ from
one another by an amount that exceeds the threshold value;
and determining that the substrate 1s incorrectly oriented 1n
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the microscope if the measurements of the two retlected
light beams do not differ from one another by an amount that
exceeds the threshold value.

In some embodiments, collecting a plurality of measure-
ments of one or more characteristics of the two reflected
light beams involves measuring an intensity of the two
reflected light beams. In some embodiments, the methods
involve placing a focusing lens and a spatial aperture in front
of the detector.

In some embodiments, the light beam from the optical

source 1includes ultraviolet (UV) light, visible light, or
infrared (IR) light. In some embodiments, the substrate
includes a glass slide. In some embodiments, the light source
includes a laser. In some embodiments, the light source
includes a light emitting diode (LED).
In some embodiments, the methods involve shaping the
light beam from the optical source to create a collimated
light beam. In some embodiments, varying the distance
between the substrate and the objective lens mvolves mov-
ing the substrate and/or the objective lens at a variable rate.
In some embodiments, varying the distance between the
substrate and the objective lens involves moving the sub-
strate and/or the objective lens at a constant rate. In some
embodiments, an amount of time required to automatically
analyze the substrate orientation in the microscope 1s 1
second or less.

In some embodiments, the methods involve directing a
first light beam from an optical source to reflect off a
substrate at a first position to generate a first reflected light
beam; measuring an intensity of the first retlected light beam
with a detector; determining that the intensity of the first
reflected light beam exceeds a threshold value to determine
that the substrate 1s present 1n the microscope; directing a
second light beam from the optical source to reflect ofl the
substrate at a second, diflerent position to generate a second
reflected light beam, wherein the second position includes a
non-reflective region; varying a distance between the sub-
strate and an objective lens of the microscope; collecting a
plurality of measurements of one or more characteristics of
the first and second reflected light beams with a detector,
wherein each of the plurahty of measurements 1s collected
when the substrate 1s 1n a diflerent position along an optical
axis ol the microscope with respect to the objective lens;
determining that the measurements of the first reflected light
beam differ from the measurements of the second reflected
light beam by an amount that exceeds a threshold value,
thereby determining that the substrate 1s correctly oriented in
the microscope; collecting a plurality of measurements of
one or more characteristics of the first retlected light beam
with a detector, wherein each of the plurality of measure-
ments 1s collected when the substrate 1s in a diflerent
position along the optical axis of the microscope with
respect to the objective lens; determining which measure-
ment has an optimal focal value; moving the substrate and/or
the objective lens to an imitial focus position that corre-
sponds to the distance between the substrate and the objec-
tive lens from which the measurement for the first retlected
light beam has the optimal focal value; collecting a plurality
of digital images of the substrate by moving the substrate
and/or the objective lens along the optical axis above and/or
below the 1mitial focus position; analyzing at least a region
of interest in each 1mage to determine a focus metric for each
image; determining which digital image has a best focus
metric; and moving the substrate and/or the objective lens to
a final focus position that corresponds to the position of the
image with the best focus metric to automatically focus the

microscope on the specimen. In some embodiments, an
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amount of time required to automatically focus the micro-
scope on the specimen 1s 2 seconds or less.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention may be best understood from the following
detailed description when read i conjunction with the
accompanying drawings. Included in the drawings are the
following figures:

FIG. 1 1s a graph showing a reflected light signal 1n unaits
ol photodiode counts collected upon reflection from a sub-
strate as a function of z-axis position of the substrate,
wherein the z-axis 1s parallel to the optical axis of the
microscope.

FIG. 2 1s a graph showing an uncertainty, or search
interval i determiming a z-coordinate of a peak position 1n
a photodiode signal due to noise.

FIG. 3 1s a schematic 1llustration of an optical system in
accordance with embodiments of the imvention.

FIG. 4 1s an 1llustration of a substrate including two
non-reflective markings.

DETAILED DESCRIPTION

Methods, systems and devices for automatically focusing
a microscope on a specimen and collecting a focused 1image
of the specimen are provided. Aspects of the methods
include detecting the presence of a substrate 1n a micro-
scope, determining whether the substrate 1s 1n a correct
orientation for imaging, focusing the microscope on a speci-
men that 1s placed on the substrate, and collecting one or
more i1mages of the specimen. Systems and devices for
carrying out the subject methods are also provided.

Before the present invention 1s described 1n greater detail,
it 1s to be understood that this mmvention 1s not limited to
particular embodiments described, as such may, of course,
vary. It 1s also to be understood that the terminology used
herein 1s for the purpose of describing particular embodi-
ments only, and 1s not mtended to be limiting, since the
scope ol the present invention will be limited only by the
appended claims.

Where a range of values 1s provided, 1t 1s understood that
cach interveming value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated
or intervening value in that stated range, 1s encompassed
within the mvention. The upper and lower limits of these
smaller ranges may independently be included in the smaller
ranges and are also encompassed within the invention,
subject to any specifically excluded limit 1n the stated range.
Where the stated range includes one or both of the limuts,
ranges excluding either or both of those included limits are
also included 1n the mvention.

Certain ranges are presented herein with numerical values
being preceded by the term *“about.” The term “about™ 1s
used herein to provide literal support for the exact number
that 1t precedes, as well as a number that 1s near to or
approximately the number that the term precedes. In deter-
mimng whether a number 1s near to or approximately a
specifically recited number, the near or approximating unre-
cited number may be a number which, 1n the context in
which 1t 1s presented, provides the substantial equivalent of
the specifically recited number.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
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similar or equivalent to those described herein can also be
used in the practice or testing of the present invention,
representative illustrative methods and materials are now
described.

All publications and patents cited 1n this specification are
herein 1ncorporated by reference as 1f each mdividual pub-
lication or patent were specifically and individually indi-
cated to be mcorporated by reference and are incorporated
herein by reference to disclose and describe the methods
and/or materials 1 connection with which the publications
are cited. The citation of any publication 1s for its disclosure
prior to the filing date and should not be construed as an
admission that the present mnvention 1s not entitled to ante-
date such publication by virtue of prior imnvention. Further,
the dates of publication provided may be different from the
actual publication dates which may need to be independently
confirmed.

It 1s noted that, as used herein and 1n the appended claims,
the singular forms “a”, “an”, and “the” include plural
referents unless the context clearly dictates otherwise. It 1s
turther noted that the claims may be draited to exclude any
optional element. As such, this statement 1s intended to serve
as antecedent basis for use of such exclusive terminology as
“solely,” “only” and the like in connection with the recita-
tion of claim elements, or use of a “negative” limitation.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments
described and 1llustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
invention. Any recited method can be carried out 1n the order
of events recited or in any other order which 1s logically
possible.

In further describing various aspects of embodiments of
the mvention in greater detail, aspects of the systems and
devices of various embodiments are reviewed first 1n greater
detail, followed by a discussion of methods and kits accord-
ing to certain embodiments of the mvention.

Methods

Methods 1n accordance with embodiments of the mven-
tion may be used for automatically detecting whether a
substrate (e.g., a microscope slide) 1s present 1n a micro-
scope; detecting whether a substrate 1s oniented correctly 1n
a microscope for imaging analysis; focusing a microscope
on a specimen that 1s placed on the substrate; and collecting
one or more 1mages of the specimen. In some embodiments,
the subject methods can be carried out using automated
equipment, wherein the equipment i1s configured to auto-
matically carry out each of the method steps. In some
embodiments, one or more steps of the subject methods can
be carried out manually, e.g., by an operator. For example,
in some embodiments, an operator may carry out a portion
of the subject methods, and the remaining method steps may
be carried out using, e.g., automated equipment that 1s
configured to carry out at least a portion of the subject
method steps. Aspects of the subject methods are described
in further detail below.

In some embodiments, the subject methods involve deter-
mining whether a substrate 1s present 1n a microscope by
directing a light beam from an optical source of the micro-
scope toward a location where a substrate should be found
if 1t 1s present 1n the microscope. I the substrate 1s present,
the light beam 1s reflected off the substrate to generate a
reflected light beam. An intensity of the retlected light beam
1s then measured using a detector, and the measured intensity
1s compared to a threshold value. If the measured intensity
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of the reflected light beam exceeds the threshold value, then
the substrate 1s determined to be present 1n the microscope.
I1 the measured 1ntensity of the reflected light beam does not
exceed the threshold value, then the substrate 1s determined
to be absent from the microscope. In some embodiments, the
threshold intensity value used to determine whether a sub-
strate 1s present 1n the microscope ranges from 40-510 nA as
measured by a photodiode.

In some embodiments, the subject methods 1mvolve auto-
matically analyzing a substrate to determine whether the
substrate 1s correctly oriented on the microscope’s specimen
holder for imaging. By “correctly oriented” 1s meant that the
substrate 1s placed on the specimen holder of the microscope
such that a surface of the substrate upon which the micro-
scope 1s to be focused 1s facing up toward the objective lens
of the microscope. In some embodiments, methods for
determining whether a substrate 1s correctly oriented on the
microscope holder involve directing a light beam from an
optical source to sequentially retlect off the substrate surface
at two different positions which vary 1n reflectance. In some
embodiments, two reflected light beams are generated, one
from a non-retlective region of the substrate, and another
one from a reflective region of the substrate.

A light beam that has been retlected off the non-retlective
region ol the substrate will have a characteristic (e.g., an
intensity value) that 1s different from that of a light beam that
has been reflected off a reflective region (e.g., an un-altered
surface of a glass slide) of the substrate. As such, one or
more characteristics of the first and second retlected light
beams can be compared to each other, and the diflerence in
the characteristics can be quantified. For example, 1n some
embodiments of the subject methods, the intensity of the
reflected light beams from the reflective and non-reflective
regions of the substrate can be compared to each other, and
the value of the difference 1s compared to a threshold value
to determine whether the substrate orientation 1s correct.
If the measurements from the two reflected light beams
differ from one another by an amount that exceeds a thresh-
old value, then the substrate 1s determined to be 1n a correct
orientation 1n the microscope. If the measurements from the
two reflected light beams do not differ from one another by
an amount that exceeds the threshold value, then the sub-
strate 1s determined to be 1n an incorrect orientation in the
microscope. In some embodiments, the subject methods
involve varying a distance between the substrate and an
objective lens of the microscope in order to move the
substrate through a plurality of diflerent positions along the
optical axis of the microscope. Moving a substrate through
a plurality of diflerent positions along the optical axis of the
microscope can be accomplished by moving the substrate,
moving the objective lens, or moving both the substrate and
the objective lens so that a distance between the substrate
and the objective lens 1s modulated (e.g., 1s increased or
decreased). While the substrate 1s being moved through a
plurality of positions along the optical axis of the micro-
scope, a plurality of measurements of one or more charac-
teristics of one or more retlected light beams can be col-
lected using one or more detectors.

In some embodiments, the measurements from each of
two reflected light beams are compared in order to quantify
a difference between the measurements. In some embodi-
ments, the subject methods involve varying the distance
between the substrate and an objective lens of the micro-

scope at a constant rate, where in certain embodiments the
rate ranges from 100-500 um/s, such as 150, 200, 250, 300,
350, 400 or 450 um/s. In some embodiments, the subject
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and an objective lens of the microscope at a variable rate.
For example, in some embodiments, the subject methods
involve varying the distance between the substrate and an
objective lens of the microscope at a first rate, ranging from
100-500 um/s, such as 150, 200, 250, 300, 350, 400 or 450
um/s, for a first period of time, and varying the distance
between the substrate and an objective lens of the micro-
scope at a second rate, ranging from 100-500 um/s, such as
100, 150, 200, 250, 300, 350, 400 or 450 um/s, for a second
period of time. In some embodiments, the subject methods
for automatically determiming whether a substrate 1s cor-
rectly oriented 1n a microscope are carried out in 2 seconds
or less, or 1 second or less.

In some embodiments, the subject methods mvolve plac-
ing a focusing lens and a spatial aperture (described further
below) 1n front of a detector, such that a light beam passes
through the focusing lens and the spatial aperture before
reaching a detector. In some embodiments, a spatial aperture
includes an aperture whose size (e.g., diameter) ranges from
50 um to 500 um, such as 100, 150, 200, 250, 300, 350, 400
or 450 um. In some embodiments, a spatial aperture includes
an aperture whose size (e.g., diameter) 1s variable, and the
subject methods involve varying the diameter of the spatial
aperture to vary a portion of a light beam that 1s allowed to
pass through the aperture. In certain embodiments, the
subject methods involve varying the diameter of a spatial
aperture from 50 um to 500 um, such as 100, 150, 200, 250,
300, 350, 400 or 450 um.

The subject methods for determining whether a substrate
1s correctly oriented 1n a microscope can be conducted using
light from any of a variety of suitable monochromatic
optical sources (described further below). In some embodi-
ments, light from an optical source may include ultraviolet
light, having a wavelength that ranges from 360 to 420 nm.
In some embodiments, light from an optical source may
include visible light (e.g., white light), having a wavelength
that ranges from 420 to 700 nm. In some embodiments, light
from an optical source may include near infrared light,
having a wavelength that ranges from 700 nm to 1 um.

In some embodiments, the subject methods imnvolve auto-
matically focusing a microscope on a specimen, wherein the
methods mnvolve moving the substrate and/or an objective
lens of the microscope to an 1nitial focus position along the
optical axis of the microscope located within close proxim-
ity (e.g., located within an interval of a few depths of field)
to the best focus position, collecting a plurality of digital
images of the substrate taken at different coordinates along
the optical axis within a search interval, analyzing the
collected 1images, and determining which 1mage has the best
focus metric to find the best focus position. In some embodi-
ments, a search interval 1s equal to less than 10 times the
depth of field for the objective lens. By “depth of field” 1s
meant the axial, or longitudinal, resolving power of the
objective lens of the microscope 1n a direction that 1s parallel
to the optical axis of the microscope, which 1s determined by
the numerical aperture of the objective lens. The image with
the best focus metric corresponds to the best focus position
of the microscope for the given objective lens. Each of these
aspects of the subject methods are described 1n further detail
below.

In some embodiments, the methods mmvolve generating
and measuring one or more characteristics of the reflected
light beam from the substrate that 1s used to find an 1nitial
focus position. In certain embodiments, the methods imvolve
directing a light beam from a suitable optical source toward
the substrate to retlect ofl the specimen and generate a
reflected light beam. The distance between the substrate and
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an objective lens of the microscope 1s varied by moving
either the substrate or an objective lens, or both, along the
optical axis within a specified interval, and a plurality of
measurements of one or more characteristics of the reflected
light beam 1s collected. The collected measurements are
analyzed to determine which measurement has a peak value.
By “peak value” 1s meant a measurement from a reflected
light beam having a maximum intensity value as a function
of the position of the substrate along the optical axis of the
microscope with respect to the position of the objective lens.
Once the peak position (corresponding to the axial coordi-
nate of the maximum intensity value of the reflected beam)
1s located, the substrate and/or objective lens can be moved
to this position (or within close proximity either above or
below this position), which becomes an 1nitial position for
use 1n further searching to 1dentify the best focus position.

As reviewed above, 1 some embodiments, the subject
methods involve varying the distance between the substrate
and an objective lens of the microscope at a constant rate,
where 1n certain embodiments the rate ranges from 100-500
um/s, such as 150, 200, 250, 300, 350, 400 or 450 um/s. In
some embodiments, the subject methods involve varying the
distance between the substrate and an objective lens of the
microscope at a variable rate. For example, 1n some embodi-
ments, the subject methods involve varying the distance
between the substrate and an objective lens of the micro-
scope at a first rate ranging from 100-500 um/s, such as 150,
200, 250, 300, 350, 400 or 450 um/s, for a first period of
time, and varying the distance between the substrate and an
objective lens of the microscope at a second rate ranging
from 100-500 um/s, such as 150, 200, 250, 300, 350, 400 or
450 um/s, for a second period of time. Typically, a faster rate
corresponds to movement within an interval located further
below or above the 1nitial focus position, whereas a slower
rate corresponds to movement within an interval which 1s
closer to the iitial focus position. For example, if a search
interval 1s equal to 400 um (starting at 200 um below and
fintshing at 200 um above the nitial focus position), for the
movement within the interval of 200 um-50 um below the
initial focus position and S0 um-200 um above the mitial
focus position, the rate can be 200 um/s, while for the
movement within the iterval 50 um below and 50 um above
the mitial focus position, the rate can be 100 um/s.

In some embodiments, the subject methods 1nvolve shap-
ing a light beam before 1t reaches a detector 1 order to
control and/or modulate a portion of the light beam that
reaches the detector for analysis. As such, in some embodi-
ments, aspects ol the methods involve placing a focusing
lens and a spatial aperture (described further below) 1n front
of a detector, such that a light beam passes through the
focusing lens and the spatial aperture before reaching a
detector. In some embodiments, a spatial aperture includes
an aperture whose size (e.g., diameter) ranges from 50 to
500 um, such as 100, 150, 200, 250, 300, 350, 400 or 430
um. In some embodiments, a spatial aperture includes an
aperture whose size (e.g., diameter) 1s vanable, and the
subject methods involve varying the diameter of the spatial
aperture to vary a portion of a light beam that 1s allowed to
pass through the aperture. In certain embodiments, the

subject methods involve varying the diameter of a spatial
aperture from 50 to 500 um, such as 100, 150, 200, 250, 300,

350, 400 or 450 um.

The subject methods for automatically focusing a micro-
scope on a specimen and collecting one or more digital
images ol the specimen can be conducted using monochro-
matic light from any of a variety of suitable optical sources
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an optical source may include ultraviolet light, having a
wavelength that ranges from 360 nm to 400 nm. In some
embodiments, light from an optical source may include
visible light (e.g., white light), having a wavelength that
ranges from 400 to 700 nm. In some embodiments, light
from an optical source may include near infrared light,
having a wavelength that ranges from 700 nm to 1,000 nm.

In some embodiments, the subject methods are carried out
using a microscope that has separate optical sources used for
autofocusing and 1imaging. In some embodiments, the opti-
cal sources used for autofocusing and 1maging may include
the same type of light, e.g., may both include laser light or
LED light of the same wavelength. In some embodiments,
the optical source that 1s used for autofocusing includes light
whose wavelength 1s different from that of the optical source
that 1s used for imaging. For example, 1n certain embodi-
ments, the subject methods involve using a near infrared (or
ultraviolet) light beam for autofocusing, while a visible light
with a broad spectrum (white light source) 1s used for
imaging.

In certain embodiments, the subject methods nvolve
shaping a light beam from an optical source to create a
collimated light beam. By “collimated light beam™ 1s meant
a light beam whose rays are substantially parallel to one
another, and therefore spread minimally as the light beam
moves through space. In certain embodiments, one or more
optical components may be used to shape a light beam from
the optical source into a collimated light beam. For example,
in some embodiments, a collimating lens or a combination
of several lenses may be positioned in the path of a light
beam and used to shape the light beam from the optical
source mto a collimated light beam.

In some embodiments, a microscope used for conducting
the subject methods includes at least two separate detection
channels, one detection channel for autofocusing, and
another one for imaging; thereby separating autofocusing
and 1maging signals and directing them toward different
detectors. In certain embodiments, the number of detection
channels for imaging can be more than one, wherein the
light beam coming out of the specimen being split into
several detection channels as needed by certain different
applications. For example, 11 a fluorescence signal 1s col-
lected for imaging of the specimen, the microscope can
include one detection channel for autofocusing and as many
as 8 different detection channels for imaging.

In some embodiments, the subject methods nvolve
directing a retlected light beam to follow a specified path.
For example, in some embodiments, a light beam can be
directed to retlect off a specimen by introducing the light
beam 1nto an exit pupil located at the rear of the objective
lens. After entering the objective lens through the exit pupil,
the light beam retlects ofl the specimen to create a retlected
light beam. In certain embodiments, the retlected light beam
1s then directed back towards and 1s collected by the same
objective lens, exiting through the rear of the objective nto
the detection channel for analysis.

In some embodiments, the subject methods involve
directing a light beam to reflect ofl a substrate’s front surface
(the surface facing the objective lens). In other embodi-
ments, the subject methods mvolve directing a light beam to
reflect off a substrate’s bottom surface (the surface located
below or above the front surface and facing in the opposite
direction of the objective lens).

Once a substrate has been moved to an initial focus
position, aspects of the methods involve moving the sub-
strate and/or the objective lens along the optical axis to a
plurality of different positions and collecting a plurality of
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digital 1images of the specimen from each of the different
positions. In some embodiments, the subject methods
involve moving the substrate and/or the objective lens of the
microscope 1n specific distance increments along the optical

axis of the microscope. In certain embodiments, the size of 5

cach step 1s equal to the depth of field of the microscope. In
some embodiments, the depth of field of a microscope used
to carry out the subject methods ranges from 0.15 to 10 um,
and as such, in some embodiments, the size of each step used
for collecting a plurality of digital images ranges from 0.15
to 10 um, such as 0.25, 0.5, 1, 2, 3,4, 5,6, 7, 8 or 9 um.

Aspects of the subject methods involve determining how
many digital images of a specimen to collect along the
optical axis of the microscope. In certain embodiments,
determining the number of digital images to collect involves
dividing an uncertainty or a search interval of the mitial
focus position by the depth of field of the objective lens used
for imaging. By “uncertainty interval” or “search interval”
of the mitial focus position 1s meant a distance over which
the change 1n a measured characteristic of a retlected light
beam (e.g., the change in the intensity of the reflected light
beam) used to determine the initial focus position i1s not
greater than signal noise. See, e.g., FIG. 2. For instance, for
a given substrate, 11 an intensity peak used to determine the
initial focus position for the substrate 1s relatively thin and
sharp, or distinct, then the uncertainty interval will be small.
In contrast, 1if the intensity peak for a given substrate is
relatively broad and flat, then the uncertainty interval will be
larger. In some embodiments, the number of digital images
of the specimen that are collected ranges from 3 to 10, such
as 4,5, 6,7, 8 or 9. For example, 11 the uncertainty interval
for a 20x objective lens with a numerical aperture of 0.5 1s
determined to be 10 um, and the depth of field 1s 2 um, then
the total number of 1mages to be collected 1s 10 divided by
2, which 1s 5; with 1 image collected at the 1mtial focus
position and 2 1mages collected on each side of the initial
focus position (2 1mages below and 2 images above the
initial focus position).

In some embodiments, aspects of the methods mvolve
collecting an entire digital image corresponding to the tull
field of view of the objective lens. In certain embodiments,
aspects of the methods mvolve collecting only a predefined
section of the image (e.g., a region of interest, ROI) by
selecting only a section of the field of view. An ROI can have
variable dimensions and cover as little as 2x2 pixels area up
to a full s1ze image. For example, 11 the size of the detector
1s 1936x1456 pixels, an ROI can have variable dimensions
anywhere 1n the range from 2 pixels to 1936 pixels 1n one
direction and 2 pixels to 1456 pixels 1n other direction,
respectively.

Aspects of the methods mnvolve analyzing the collected
digital 1mages to determine which image has a best focus
metric. By “best focus metric” 1s meant a measurement or
characteristic of the digital image that 1s greater than or
superior to the same measurement or characteristic 1n all
other collected digital images 1n the data set. In some
embodiments, aspects of the methods imnvolve performing a
digital image analysis on each of the collected digital images
using one or more analysis algorithms. In certain embodi-
ments, aspects of the methods mvolve analyzing a digital
image ol the specimen on a pixel-by-pixel basis, wherein
cach individual pixel of the digital image 1s analyzed. The
results of the analysis for each pixel are then summed, or
totaled, to determine a characteristic of the digital image
which can then be compared to the same characteristic
determined for the other collected digital image(s) to deter-
mine which digital image has a best focus metric.
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In some embodiments, analyzing a digital image of the
specimen using a computer processor imnvolves measuring an
intensity (e.g., a greyscale intensity) of the entire 1mage on
a pixel by pixel basis In some embodiments, aspects of the
methods 1nvolve calculating a first derivative of an 1ntensity
of a digital image on a pixel by pixel basis. In some
embodiments, aspects of the methods ivolve calculating a
second derivative of an intensity of a digital image on a pixel
by pixel basis. In some embodiments, aspects of the methods
involve calculating a Fourier Transform of the digitized
intensity image. In some embodiments, an 1image sensor
includes a color image sensor that 1s configured to create a
digital image of the specimen that 1s formed from red, green
and/or blue light that 1s collected by the color image sensor.
In such embodiments, aspects of the methods involve mea-
suring an intensity of the red, green and/or blue digital image
of the specimen on a pixel by pixel basis.

In some embodiments, analyzing a digital image of the
specimen using a computer processor imvolves measuring an
intensity (e.g., a greyscale mtensity) of the selected region of
interest (ROI) within a microscope field of view on a pixel
by pixel basis. In some embodiments, aspects of the methods
involve calculating a first derivative of an intensity of an
ROI on a pixel by pixel basis. In some embodiments, aspects
of the methods involve calculating a second derivative of an
intensity of an ROI on a pixel by pixel basis. In some
embodiments, aspects of the methods imvolve calculating a
Fourier Transform of the ROI. In some embodiments, one or
more ROIs for further analysis can be selected from different
color images (e.g., red, green, or blue color 1images) and
combined 1n a suitable manner by image processing to create
a suitable focus metric calculating algorithm for a certain
application.

In some embodiments, the subject methods for automati-
cally focusing a microscope on a specimen and collecting a
digital image of the specimen having a best focus metric are
carried out 1n 5 seconds or less, such as 4 seconds or less, 3
seconds or less, 2 seconds or less, or 1 second or less.

The subject methods find use 1n automatically analyzing
a plurality of specimens using a microscope. For example,
the subject methods may be used to automatically determine
whether a substrate (e.g., a microscope slide) 1s present in a
microscope, and whether the substrate 1s correctly oriented
in the microscope. In addition, the subject methods find use
in automatically focusing the microscope on a specimen that
1s mounted on the substrate, and collecting a digital image
of the specimen that has an optimal focus metric. The digital
image of the specimen having a best focus metric 1s an
image that has the best possible sharpness, or clanty (e.g.,
the same sharpness or clarity as can be achieved by manual
focusing) and 1s suitable for further analysis, e.g., can be
used to conduct a further analysis of one or more portions of
the specimen, or that can be reviewed by an operator or
clinician. As such, the subject methods can be used to
automatically process a plurality of substrates through an
imaging analysis procedure wherein each substrate 1s placed
on the specimen holder of a microscope, the microscope 1s
focused on a specimen on the substrate, and a digital image
having a best focus metric 1s collected by the microscope to
create a digital image of the specimen that i1s suitable for
further analysis.

Referring now to FIG. 1, a graph of a reflected signal
(measured 1n photodiode counts) collected by the photode-
tector upon reflection from the substrate as a function of
z-ax1s position (wherein the z-axis 1s parallel to the optical
axis of the microscope) of the substrate 1s shown. A beam of
light from an optical source has been directed to retlect off
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the substrate at a defined location (e.g., a location that
includes bare glass or a specimen) and a reflected light beam
has been directed to a detection channel that included a
photodiode detector. As the substrate 1s moved along the
optical axis of the microscope from the nitial search posi-
tion, located either above or below the expected focus
position by a certain interval, the graph of the photodiode
counts shows a relative maximum value, or peak value, that
corresponds to the position of the substrate in the optical axis
of the microscope having a highest intensity of the reflected
signal. The highest intensity 1n the reflected beam 1s gener-
ated when a substrate passes through the focus position of
the objective lens and a light beam on the surface 1s focused
into the smallest spot. Once the z-position of the relative
maximum value has been determined, the substrate and/or
the objective lens are moved to place the substrate in the
position either corresponding to the peak, or above/below
the peak position within an uncertainty mterval (as discussed
turther with respect to FIG. 2, below).

Referring now to FIG. 2, a graph of a reflected signal
(measured 1n photodiode counts) collected by the photode-
tector upon reflection from the substrate as a function of
z-ax1s position of the substrate 1s shown. A beam of light
from an optical source has been directed to reflect off the
substrate at a defined location (e.g., a location that includes
bare glass or a specimen) and a reflected light beam has been
directed to a detection channel that included a photodiode
detector. As the substrate 1s moved along the optical axis of
the microscope, the graph of the photodiode counts shows a
relative maximum value, or peak, that corresponds to the
position of the substrate 1n the optical axis of the microscope
having the highest intensity of the reflected beam. The
uncertainty interval for the peak position 1s shown by the
double-headed arrow, and 1n the depicted graph represents a
difference 1 z-position (AZ) of 12 um.

Systems and Devices

Aspects of the mvention include systems and devices
thereol configured to carry out the subject methods, e.g., to
automatically focus a microscope on a specimen and collect
a digital image of the specimen. Various components of the
subject systems and methods are described 1n detail below.

Aspects of the subject system 1nclude optical microscopes
that are configured to carry out the subject methods. Micro-
scopes 1n accordance with embodiments of the ivention
include at least one objective lens, at least one optical
source, and at least one detection channel. Objective lenses
in accordance with embodiments of the invention are con-
figured to collect light from an object being 1imaged (e.g., a
specimen mounted on a substrate) and to focus the light to
create an 1mage of the object. In certain embodiments, an
objective lens may include a single lens or mirror, or may
include a plurality of optical components that are configured
to collect light from the object being 1maged and to focus the
light to create an 1image of the object. In some embodiments,
a microscope may include a motorized component that 1s
configured to modulate a distance between the objective lens
and the substrate 1n accordance with the subject methods.

Objective lenses 1n accordance with embodiments of the
invention may have any suitable numerical aperture (NA).
The numerical aperture of an objective lens describes how
much of an emitted light signal can be collected by the
objective and the diflraction-limited resolution that can be
achieved. A higher numerical aperture translates into
improved resolution 1n a wavelength-dependent fashion,
according to the relationship defined by the Abbe difiraction
limit of
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In some embodiments, the numerical aperture of an objec-
tive lens ranges from 0.1 to 1.4, such as 0.15, 0.2, 0.25, 0.3,
0.35, 0.4, 0.45,0.5,0.55, 0.6, 0.65,0.7,0.75, 0.8, 0.85, 0.9,
0.95, 1.0, 1.05, 1.1, 1.15, 1.2, 1.25, 1.3, or 1.35.

In some embodiments, an optical source may include a
laser or a light emitting diode (LED). Optical sources 1n
accordance with embodiments of the imvention may be
configured to emit light having any suitable wavelength
(c.g., may have any suitable emission spectrum), ranging,
from UV light, to visible light, to infrared light, as described
above. In certain embodiments, the subject methods involve

shaping a light beam from an optical source to create a
collimated light beam. In certain embodiments, one or more
optical components may be used to shape a light beam into
a collimated light beam. For example, in some embodi-
ments, an optical collimating lens or a collection of lenses
may be positioned 1n the path of a light beam and used to
shape the light beam from the optical source into a colli-
mated light beam.

Detection channels 1n accordance with embodiments of
the invention are configured to receive a light beam as an
input, and to direct the nput light beam to a detector for
analysis. In some embodiments, a detection channel may be
configured to only allow light of a certain wavelength, or of
a certain wavelength range, to enter the detection channel.
For example, in some embodiments, a detection channel
may include an optical filter that 1s configured to only allow
light of a certain wavelength range to enter the detection
channel. In some embodiments, a microscope may include a
plurality of detection channels, each having a separate
detector associated therewith.

In some embodiments, a detection channel used for auto-
focusing may include a detector with a photodiode. Photo-
diodes 1n accordance with embodiments of the invention are
configured to absorb photons of light and convert the light
into electrical current that can be measured. In some
embodiments, a photodiode may include an optical filter, a
lens, or any other suitable components that may be used to
convert light energy into electrical current for measurement.

In some embodiments, a detection channel used for imag-
ing may include a detector with an 1image sensor. Image
sensors 1n accordance with embodiments of the mvention
are configured to convert an optical image into an electronic
signal. Examples of image sensors include, but are not
limited to, charge coupled devices (CCDs) and complemen-
tary metal-oxide semiconductor (CMOS) or N-type metal-
oxide semiconductor devices. In some embodiments, an
image sensor may be an active pixel sensor (APS). In certain
embodiments, an image sensor may be a color image sensor.
In some embodiments, a color 1mage sensor may be con-
figured to collect red, green and/or blue light from a speci-
men and to generate a composite 1mage of the specimen
from the collected red, green and/or blue light.

In some embodiments, a detection channel used for imag-
ing may include a camera. In some embodiments, a camera
1s a CCD camera or a scientific CMOS camera (sCMOS)
providing extremely low noise, rapid frame rates, wide
dynamic range, high quantum efliciency (QE), high resolu-
tion, and large field of view. Such cameras are commercially
available from scientific technology vendors.

Aspects of the subject systems may also include addi-
tional components that can be used to control and/or modu-
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late at least a portion of a light beam 1n the system. Examples
of additional components include, but are not limited to,
mirrors, lenses, beam splitters, prisms, diflraction gratings,
photomultiplier tubes, optical filters, beam shaping optics,
and the like.

In some embodiments, aspects of the subject systems
include one or more focusing lenses. Focusing lenses 1n
accordance with embodiments of the invention include any
lens that 1s configured to aflect the focusing of a light beam
in a suitable manner. For example, 1n some embodiments, a
focusing lens 1s configured to focus a light beam at a desired
focal point.

In some embodiments, aspects of the subject systems
include one or more spatial apertures. Spatial apertures (also
known as spatial filters) 1n accordance with embodiments of
the invention are components that are configured to remove
aberrations 1n a light beam due to imperfections or variations
in one or more optical components of the system. In some
embodiments, a spatial aperture includes an aperture, or
opening, that 1s placed 1n the optical path of a light beam and
allows a desired portion of the light beam to pass through the
aperture, while blocking light that corresponds to an unde-
sired portion or structure of the light beam. Spatial apertures
in accordance with embodiments of the invention may
include a small circular aperture, or “pinhole” aperture, that
allows light to pass through. In some embodiments, a spatial
aperture has an aperture whose diameter ranges from 50 um
to 500 um, such as 100, 150, 200, 250, 300, 350, 400 or 450
um. In certain embodiments, a spatial aperture may include
an aperture whose size 1s variable, and the subject methods
may include varying the size (e.g., varying the diameter) of
the spatial aperture. In certain embodiments, a spatial aper-
ture may include an aperture whose size can be varied from
50 um to 500 um, such as 100, 150, 200, 250, 300, 350, 400
or 450 um.

Aspects of the imnvention include substrates that are rnigid
or semi-rigid structures made of transparent material. Such
materials include, but are not limited to plastic, glass, and/or
quartz. In some embodiments, a substrate 1s a microscope
slide made of any suitable material and having any suitable
geometry, such as a square, rectangular, circular, oval, or
hexagonal geometry.

In some embodiments, a dimension (e.g., a length) of the
substrate ranges in size from about 20 mm, up to about 25
mm, up to about 30 mm, up to about 35 mm, up to about 40
mm, up to about 45 mm, up to about 50 mm, up to about 55
mm, up to about 60 mm, up to about 65 mm, up to about 70
mm, up to about 75 mm, up to about 80 mm. In some
embodiments, another dimension (e.g., a width) of the
substrate ranges 1n size from about 20 mm, up to about 25
mm, up to about 30 mm, up to about 35 mm, up to about 40
mm, up to about 45 mm, up to about 50 mm, up to about 55
mm, up to about 60 mm, up to about 65 mm, up to about 70
mm, up to about 75 mm, up to about 80 mm. In some
embodiments, the thickness of the substrate ranges from
about 0.5 mm, up to about 0.8 mm, up to about 1 mm, up to
about 1.2 mm, up to about 1.5 mm. In some embodiments,
the substrate 1s a standard microscope slide that 1s approxi-
mately 75 mm 1n length, 25 mm in width, and 1 mm thick.

In some embodiments, a substrate may include one or
more surface coatings or surface treatments, such as those
contaiming polymers (e.g., poly-L-lysine, silane) or proteins
(e.g., albumin). In some embodiments, a substrate includes
a surface coating or surface treatment that renders at least a
portion of the substrate opaque or semi-opaque, such as a
frosting or a glazing treatment. In some embodiments, a
substrate includes an area that can be used for labeling, such
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as, €.g., an end or corner region upon which a suitable label
can be placed. In some embodiments, a substrate 1s labeled
using labeling equipment, such as, e.g., equipment that
applies a label to a surface of the substrate, etches and/or
marks the substrate to create a label, or prints or applies 1nk
and/or any other suitable marking material to a surface of the
substrate to create a label. In some embodiments, a substrate
may include a bar code label that can be used to 1dentity the
substrate.

In some embodiments, a substrate includes one or more
non-reflective regions on a planar surface of the substrate,
and the subject methods involve directing a light beam from
an optical source to reflect ofl a non-retlective region of the
substrate. A non-reflective region i1n accordance with
embodiments of the invention may have any suitable shape
and dimensions. For example, 1n some embodiments, a
non-reflective region may be circular, oval, square, rectan-
gular or hexagonal in shape. A non-reflective region 1n
accordance with embodiments of the mnvention may have a
dimension (e.g. a diameter or side length) that ranges from
1 to 10 mm, such as 2-5 mm. A non-reflective region 1n
accordance with embodiments of the invention may have
any suitable thickness. In some embodiments, the thickness
of the non-reflective region may range from O to 1 mm, such
as 0.1, 0.2, 0.3, 04, 0.5, 0.6, 0.7, 0.8 or 0.9 mm. A
non-retlective region of a substrate may be created using any
suitable technique, including but not limited to: depositing a
non-retlective coating on the surface of the substrate; modi-
tying the surface of the substrate, e.g., using etching tech-
niques; and the like.

In some embodiments, aspects of the subject systems
include one or more specimens that have been placed on a
substrate. Specimens that are amenable to analysis using the
subject methods include any type of biological tissue,
including but not limited to: solid or semi-solid tissues,
biological fluids, cells (e.g., blood cells), biological mol-
ecules, and the like. In some embodiments, at least a portion
of a specimen may have a variable thickness, wherein the
thickness of the portion of the specimen varies across one or
more dimensions of the substrate. In some embodiments, at
least a portion of a specimen may have an irregular surface,
wherein the surface of the portion of the specimen varies
across one or more dimensions of the substrate. In some
embodiments, at least a portion of a specimen may have a
variable reflectance value, wherein the reflectance of the
portion of the specimen varies across one or more dimen-
sions ol the substrate. In certain embodiments, a specimen
may have a variable image content across one or more
dimensions of the substrate. For example, 1n some embodi-
ments, a portion of a specimen may have a first 1image
content (e.g., a portion of a specimen comprising a dense
concentration of cells or molecules) and another portion of
the specimen may have a second image content (e.g., a
portion of the specimen that does not contain any cells or
molecules).

In some embodiments, a specimen has been subjected to
one or more staining procedures that are adapted to stain or
color one or more portions of the specimen in order to
facilitate visual analysis of the specimen. In some embodi-
ments, a specimen has been contacted with one or more
binding agents that are configured to stably associate with
the specimen to facilitate visual analysis of the specimen.

Aspects of the mvention include a controller, processor
and computer readable medium that are configured or
adapted to control or operate one or more components of the
subject systems. In some embodiments, a system includes a
controller that 1s in communication with one or more com-
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ponents of the subject systems, as described herein, and 1s
configured to control aspects of the systems and/or execute

one or more operations or functions of the subject systems,
¢.g., to carry out one or more methods described herein. In
some embodiments, a system includes a processor and a
computer-readable medium, which may include memory
media and/or storage media. Applications and/or operating,
systems embodied as computer-readable instructions on
computer-readable memory can be executed by the proces-
sor to provide some or all of the functionalities described
herein.

In some embodiments, a system 1ncludes a user interface,
such as a graphical user interface (GUI), that 1s adapted or
configured to receive input from a user, and to execute one
or more of the methods as described herein. In some
embodiments, a GUI 1s configured to display data or infor-
mation to a user.

Referring now to FIG. 3, portions of a microscope system
in accordance with embodiments of the invention are
depicted. The depicted system includes an autofocusing
LED, an mmaging LED, a CCD camera, a collimator, a
focusing lens, a spatial (pinhole) aperture, an objective lens,
as well as various other optical components configured to
carry out the subject methods.

Referring now to FIG. 4, a substrate 1n accordance with
embodiments of the invention 1s shown. The depicted sub-
strate 1ncludes two non-reflective regions. Examples of
suitable dimensions are depicted, but are 1n no way intended
to limit the dimensions of substrates that can be used in
systems and methods in accordance with embodiments of
the 1nvention.

EXAMPLES

Example 1: Automatically Focusing a Microscope
on a Specimen and Collecting a Focused Dagital
Image of the Specimen

A biological specimen 1s placed on an upper side of a
substrate that includes two non-reflective regions, as
depicted 1n FIG. 4. The specimen 1s subjected to a staining
procedure that stains a plurality of cells 1n the specimen to
tacilitate their visual identification. The substrate 1s then
placed on the specimen holder of a microscope system, as
depicted 1in FIG. 3, and an automatic focusing procedure 1s
mitiated on a computer processor that 1s configured to
control the system and carry out an automated focusing
procedure.

The processor directs a first light beam from an optical
source to reflect off a reflective portion of the substrate (1.e.,
a position other than one of the two non-reflective regions of
the substrate). The reflected light beam 1s directed to a
detection channel that includes a photodiode detector, and
the mtensity of the reflected light beam 1s measured in
photodiode counts. The measured intensity exceeds a thresh-
old intensity value, and the processor therefore determines
that the substrate 1s present 1n the microscope.

The processor then directs a second light beam from an
optical source of the microscope to reflect off one of the
non-reflective regions of the substrate. While the first and
second reflected light beams are both reflecting off the
substrate, the distance between the substrate and the objec-
tive lens 1s varied by moving the substrate and/or the
objective lens. Each of the reflected light beams 1s directed
to a detection channel that includes a photodiode, and the
intensity of the two retlected light beams 1s measured by the
photodiode. The intensity measurement of the two reflected
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light beams are compared to each other, and the difference
1s measured. The difference between the two reflected light
beams 1s determined to exceed a threshold value, thereby
confirming that the substrate 1s correctly positioned 1n the
microscope for imaging analysis.

A relative maximum, or peak, 1n the measured intensity
profile of the first retlected light beam 1s measured as a
function of the position of the substrate 1n the optical axis of
the microscope, as depicted in FIGS. 1 and 2. The intensity
measurement having the peak value 1s determined to be the
measurement having an optimal focal value, and the sub-
strate 1s moved to a position 1 the optical axis of the
microscope located above or below the peak position at a
distance equal to a half of the uncertainty interval.

Next, the number of digital images of the specimen that
should be taken in order to identily an image having an
optimal focus metric 1s determined. This 1s accomplished by
dividing the uncertainty interval of the 1nitial focus position
by the depth of field of the objective lens of the microscope,
yielding a number that ranges from 1 to 10.

The substrate 1s moved along the optical axis of the
microscope 1n steps that are the same size as the depth of
field of the objective lens, and the calculated number of
images 1s collected using an 1maging sensor. Each of the
collected 1mages 1s analyzed to determine an intensity value
of the image on a pixel by pixel basis. The results of the
analysis of each image are compared and the image having
an optimal focus metric (e.g., having the highest measured
intensity value on a pixel by pixel basis) 1s selected as the
best image. The substrate 1s then moved to a position 1n the
optical axis of the microscope that corresponds to the
position of the image with the optimal focus metric, thereby
automatically focusing the microscope on the specimen.

The entire process of determining the presence of the
substrate 1n the microscope, determining whether the sub-
strate 1s 1n a suitable orientation for analysis, collecting the
required number of digital images of the specimen and
focusing the microscope on the specimen 1s conducted 1n
less than 2 seconds.

Although the foregoing invention has been described 1n
some detail by way of illustration and example for purposes
of clarity of understanding, it 1s readily apparent to those of
ordinary skill in the art in light of the teachings of this
invention that certain changes and modifications may be
made thereto without departing from the spirit or scope of
the appended claims.

Accordingly, the preceding merely 1llustrates the prin-
ciples of the invention. It will be appreciated that those
skilled 1n the art will be able to devise various arrangements
which, although not explicitly described or shown herein,
embody the principles of the invention and are included
within its spirit and scope. Furthermore, all examples and
conditional language recited herein are principally intended
to aid the reader in understanding the principles of the
invention and the concepts contributed by the inventors to
furthering the art, and are to be construed as being without
limitation to such specifically recited examples and condi-
tions. Moreover, all statements herein reciting principles,
aspects, and embodiments of the ivention as well as spe-
cific examples thereof, are intended to encompass both
structural and functional equivalents thereof. Additionally, it
1s 1ntended that such equivalents include both currently
known equivalents and equivalents developed 1n the future,
1.€., any elements developed that perform the same function,
regardless of structure. The scope of the present invention,
therefore, 1s not mtended to be limited to the exemplary
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embodiments shown and described herein. Rather, the scope
and spirit of present invention 1s embodied by the appended
claims.

What 1s claimed 1s:

1. A method for automatically focusing a microscope on
a specimen, the method comprising:

placing a substrate substantially perpendicular to an opti-

cal axis of the microscope, wherein the substrate com-
prises the specimen;

directing a light beam from an optical source to reflect off

the specimen to generate a reflected light beam;
varying a distance between the substrate and an objective
lens of the microscope;
collecting a plurality of measurements of one or more
characteristics of the reflected light beam with a detec-
tor, wherein each of the plurality of measurements 1s
collected when the substrate 1s 1n a diflerent position
along the optical axis of the microscope with respect to
the objective lens;
determining which measurement has an optimal focal
value based on a maximum peak value corresponding
to the position of the substrate 1n the optical axis having
the highest intensity of the reflected light beam;

moving the substrate and/or the objective lens to an 1nitial
focus position that corresponds to the distance between
the substrate and the objective lens from which the
measurement for the reflected light beam has the opti-
mal focal value;
determining a number of digital images to collect for
finding the best focus position by dividing an uncer-
tainty 1terval of the imitial focus position by a depth of
field of the objective lens used for imaging;

collecting the determined number of digital images of the
substrate by moving the substrate and/or the objective
lens along the optical axis above and/or below the
initial focus position in a plurality of steps, wherein
cach step 1s equal to a depth of field of view of the
objective lens;

analyzing at least a region of interest in each 1mage to

determine a focus metric for each image;

determining which digital image has a best focus metric;

and

moving the substrate and/or the objective lens to a final

focus position that corresponds to the position of the
image with the best focus metric to automatically focus
the microscope on the specimen.

2. The method according to claim 1, wherein the optical
source comprises a laser.

3. The method according to claim 1, wherein the optical
source comprises a light emitting diode (LED).

4. The method according to claim 1, comprising shaping
a light beam from the optical source to create a collimated
light beam.

5. The method according to claim 1, wherein the micro-
scope comprises two separate optical sources, a first optical
source used for autofocusing and a second, separate optical
source used for imaging.

6. The method according to claim 5, comprising spectrally
shifting a light beam from the first optical source with
respect to a light beam from the second optical source.

7. The method according to claim 5, wherein the first
optical source 1s a laser or an LED having an emission
wavelength anywhere within a spectral range of 360 nm to
1,000 nm, and wherein the second optical source 1s a white
light source having an emission wavelength anywhere
within a spectral range of 390 nm to 700 nm.
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8. The method according to claim 1, wherein the micro-
scope comprises at least two separate detection channels,
wherein a {first detection channel 1s used for autofocusing
and a second, separate detection channel 1s used for imaging,
and wherein the method comprises separating a reflected
light beam that 1s used for autofocusing from the second
detection channel that 1s used for imaging.

9. The method according to claim 1, wherein the micro-
scope comprises a first detection channel that i1s used for
autofocusing and up to 8 diflerent imaging detection chan-
nels that are used for collecting at least a portion of a light
beam coming from the specimen.

10. The method according to claim 5, wherein directing a
light beam from the first optical source to reflect ofl the
specimen to generate a reflected light beam comprises
introducing the light beam through an exit pupil at the rear
ol the objective lens to focus on the specimen, and collecting
a reflected light beam passing through the same objective
lens at the rear of an exit pupil.

11. The method according to claim 1, wherein directing a
light beam from the optical source to reflect ofl the specimen
to generate a reflected light beam comprises reflecting the
light beam from a front surface of the specimen facing the
objective lens.

12. The method according to claim 1, wherein directing a
light beam from the optical source to reflect ofl the specimen
to generate a reflected light beam comprises retlecting the
light beam from a bottom surface of the specimen facing an
opposite direction of the objective lens.

13. The method according to claim 8, wherein the detec-
tion channel that i1s used for autofocusing comprises a
photodiode.

14. The method according to claim 8, wherein the detec-
tion channel that 1s used for 1maging comprises an 1image
sensor device or a CCD camera.

15. The method according to claim 14, wherein the 1image
sensor device 1s a color 1image sensor device or a color CCD
camera.

16. The method according to claim 15, wherein a digital
image of the specimen 1s a composite 1mage that 1s formed
from red, green, and blue (RGB) light that 1s collected by the
color 1mage sensor device or an RGB CCD camera.

17. The method according to claim 1, comprising placing
a focusing lens at a rear side of the objective lens to focus
the reflected light beam on the detector.

18. The method according to claim 1, wherein the method
comprises placing a spatial aperture 1 a focal plane of a
focusing lens 1n front of the detector to block an out-of-focus
light beam that 1s reflected from one or more interfaces
located above or below a focal plane of the specimen.

19. The method according to claim 18, wherein the spatial
aperture has a variable diameter, and wherein the method
comprises varying the diameter of the spatial aperture.

20. The method according to claim 1, wherein determin-
ing which measurement has the optimal focal value com-
prises measuring an intensity of the reflected light beam.

21. The method according to claim 16, wherein determin-
ing which digital image has the optimal focus metric com-
prises measuring an intensity in a red, green or blue digital
image on a pixel by pixel basis.

22. The method according to claim 1, wherein determin-
ing which digital image has the best focus metric comprises
measuring an intensity i a greyscale image on a pixel by
pixel basis.
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23. The method according to claim 1, wherein determin-
ing which image has the best focus metric comprises cal-
culating a first derivative of an intensity of the digital image
on a pixel by pixel basis.

24. The method according to claim 1, wherein determin-
ing which image has the best focus metric comprises cal-
culating a second derivative of an intensity of the digital
image on a pixel by pixel basis.

25. The method according to claim 1, wherein determin-

ing which image has the best focus metric comprises cal- 1

culating a Fourier Transform of a digitized intensity image.

26. The method according to claim 1, wherein the sub-
strate comprises a glass slide.

27. The method according to claim 1, wherein the speci-
men comprises a biological sample.

28. The method according to claim 1, wherein at least a
portion of the specimen has a variable thickness.

29. The method according to claim 1, wherein at least a
portion of the specimen has an 1rregular surface.

30. The method according to claim 1, wherein at least a
portion of the specimen has a variable reflectance value.
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31. The method according to claim 1, wherein the speci-
men has a variable image content across one or more
dimensions of the substrate.

32. The method according to claim 1, wherein varying the
distance between the substrate and the objective lens com-
prises moving the substrate and/or objective lens at a vari-
able rate.

33. The method according to claim 1, wherein varying the
distance between the substrate and the objective lens com-
prises moving the substrate and/or the objective lens at a
constant rate.

34. The method according to claim 1, wherein the depth
of field of the objective lens ranges from 0.15 um to 10 um.

35. The method according to claim 1, wherein the number
of digital images of the specimen that are collected to find
the best focus position ranges from 3 to 10.

36. The method according to claim 1, wherein an amount
of time required to automatically focus the microscope on a
location on the substrate 1s 2 seconds or less.
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